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1  | INTRODUC TION

Sheep and goats are important sources of dairy and meat products, 
especially for consumers in Asian, African, Caribbean, European, 
Latin American, and Oceanic countries (Gatzias et  al.,  2018; 

Montossi et al., 2013; Vacca et al., 2018). In the United States, the 
Food and Drug Administration (FDA) classifies sheep and goats as 
minor food-producing animal species. Compared to the major spe-
cies (e.g., cattle and swine), a substantially fewer number of medi-
cations are FDA approved for use in sheep and goats (FDA, 2020). 
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Abstract
This report is the third in a series of studies that aimed to compile physiological pa-
rameters related to develop physiologically based pharmacokinetic (PBPK) models 
for drugs and environmental chemicals in food-producing animals including swine 
and cattle (Part I), chickens and turkeys (Part II), and finally sheep and goats (the 
focus of this manuscript). Literature searches were conducted in multiple databases 
(PubMed, Google Scholar, ScienceDirect, and ProQuest), with data on relevant pa-
rameters including body weight, relative organ weight (% of body weight), cardiac 
output, relative organ blood flow (% of cardiac output), residual blood volume (% 
of organ weight), and hematocrit reviewed and statistically summarized. The mean 
and standard deviation of each parameter are presented in tables. Equations describ-
ing the growth curves of sheep and goats are presented in figures. When data are 
sufficient, parameter values are reported for different ages or production classes of 
sheep, including fetal sheep, lambs, and market-age sheep (mature sheep). These data 
provide a reference database for developing standardized PBPK models to predict 
drug withdrawal intervals in sheep and goats, and also provide a basis for extrapolat-
ing PBPK models from major species such as cattle to minor species such as sheep 
and goats.

K E Y W O R D S

blood flow, food animal residue avoidance databank, food safety, organ weight, 
physiologically based pharmacokinetic model

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Journal of Veterinary Pharmacology and Therapeutics published by John Wiley & Sons Ltd

https://orcid.org/0000-0001-9652-843X
https://orcid.org/0000-0003-0649-9634
https://orcid.org/0000-0002-7920-9338
https://orcid.org/0000-0003-1823-7420
https://orcid.org/0000-0002-7930-4589
mailto:﻿
https://orcid.org/0000-0002-8731-8366
mailto:zhoumeng@ksu.edu
http://creativecommons.org/licenses/by-nc/4.0/


     |  457LI et al.

As a result, veterinarians often need to prescribe medications in an 
extra-label manner and scientific data are required for estimating 
an extended withdrawal interval in accordance with the Animal 
Medicinal Drug Use Clarification Act of 1994 (AMDUCA) (Martin 
et al., 2018; Riviere et al., 2017). This requirement for needing sci-
entific data to establish a withdrawal interval after extra-label drug 
use establishes the need to develop quantitative models to estimate 
withdrawal intervals after extra-label drug use in sheep and goats.

Physiologically based pharmacokinetic (PBPK) modeling is a useful 
tool in the areas of drug development (Zhao et al., 2012), chemical risk 
assessment (Lin & Fisher, 2020; Tan et al., 2018), and drug tissue resi-
due and withdrawal interval estimation in food animals for food safety 
assessment (Lautz et al., 2019; Lin et al., 2016). In the literature, there 
are about 40 published PBPK models in food animals, mainly in major 
species, but only three in sheep and goats (Craigmill,  2003; Lautz, 
Hoeks, et al., 2020; Leavens et al., 2012). These sheep/goat models 
primarily simulate drug pharmacokinetics in an average animal with-
out characterizing population variabilities, in part, due to lack of data 
on the variabilities of physiological parameters within the population 
(Craigmill, 2003; Leavens et al., 2012). This is a critical data gap that 
prevents further development and application of population-based 
PBPK models to estimate drug withdrawal intervals in small ruminants.

In light of the important role of physiological parameters in a PBPK 
model, it is necessary to compile physiological parameter data in dif-
ferent food-producing animal species to facilitate PBPK model devel-
opment and application. Such data have been compiled and widely 
cited for laboratory animal species and humans (Brown et al., 1997; 
Davies & Morris,  1993; ICRP,  2002). In terms of food animals, our 
group recently completed a comprehensive review on physiological 
parameters of body weight, organ/tissue weights, cardiac output, 
regional blood flow, and hematocrit in different species, including 
cattle, swine, chickens, turkeys, sheep, and goats. The manuscript 
describing the compiled data in cattle and swine has been published 
(Lin et al., 2020); the manuscript describing data in chickens and tur-
keys is under review (Wang et al., 2020); the present manuscript is 
the final part of this series and focuses on sheep and goats. The data 
are presented in the format of mean and standard deviation (SD) so 
that they can directly be used to characterize the variability of each 
physiological parameter and to create stochastic population PBPK 
models. This study also identifies data gaps. All raw data are provided 
in the “Supporting Information” section so that they can be updated 
when new data become available. This series of manuscripts provides 
a comprehensive data repository on physiological parameters for de-
velopment of PBPK models of environmental chemicals and drugs in 
different food animal species to facilitate the use of PBPK models in 
the estimation of drug and chemical tissue residue and withdrawal 
intervals to ensure animal-derived food safety.

2  | METHODS AND MATERIAL S

The methods on the literature search strategy, literature inclusion/
exclusion criteria, data digitalization, standardization, and analysis, 

as well as the equations used in the calculation are the same as the 
methods described in detail in Parts I and II of this manuscript series 
(Lin et al., 2020; Wang et al., 2020). Readers are referred to these 
earlier publications for detailed methodology. Only methods that are 
unique to or relevant to understanding the present manuscript are 
described below. The process and outcome of the literature search, 
selection, and data analysis for the present study are shown in the 
flowchart of Figure 1.

Regarding the definition of different production classes of sheep 
and goats, lamb refers to sheep younger than 14 months and having 
a cartilaginous break joint in at least one leg (USDA, 2019a); mar-
ket-age sheep refers to mature sheep that are older than 14 months; 
sheep refers to the sheep as a species, and when referencing pro-
duction class, sheep represent a combination of market-age sheep 
and lambs. Lamb meat is the meat from a sheep that is typically less 
than one year of age. Mutton is the meat from a sheep that is typi-
cally older than one year. In order to serve the purpose of modeling 
different production classes of sheep, the physiological parameters 
for sheep were categorized as for sheep, market-age sheep, lamb, 
and fetus. Due to limited data for goats, their physiological param-
eters were not categorized for different ages or production classes. 
Data from animals of both sexes were included in our analysis.

For the first-round literature search, general key words for animal 
species and physiological parameters were used in combinations. 
The key words for animal species included “Sheep,” “Lamb,” “Goat,” 
“Ewe,” “Ram,” and “Wether”; and the key words for physiological pa-
rameters included “Organ Weight,” “Tissue Volume,” “Blood Flow,” 
“Vascular Space,” and “Residual Blood Volume,” More specific key 
words on organ names in combination with parameter names were 
applied in the second-round search due to limited data available for 
some of the physiological parameters.

Studies were included only for breeds of sheep and goats in-
tended for food use, such as Merino, Clun Forest, Rambouillet, 
Suffolk and Dorset for sheep, and Boer, Spanish, Batina, Dhofari, 
and Toggenburg for goats. The selected studies must have imple-
mented a method for randomization, and these studies must be a 
controlled trial with at least one control group for healthy animals. If 
the intervention had impacts on values of the physiological param-
eters, only the controlled groups were included into the calculation. 
Studies using sheep or goat breeds with gene mutations significantly 
affecting physiological parameters were excluded (He et al., 2018; 
Laville et al., 2004).

Physiological parameter data were extracted directly into an 
Excel® spreadsheet from papers reporting values in tables (refer to 
the Data Extraction tab in each of the Excel® files in the Supporting 
Information). When the relevant data were shown graphically, the 
graphic data were extracted and digitized with WebPlotDigitizer 
(version 4.1). Due to the variability of reported units from different 
studies, all data were converted into International System of Units 
(SI), and finally into the units commonly used in PBPK modeling. 
Briefly, gram (g) and kilogram (kg) were used as units for mass, min-
ute (min) and hour (h) were used for time, and milliliter (ml) and liter 
(L) were used as units for volumes. Liter per hour per kilogram body 
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weight (L hr−1 kg−1) was used as the unit for cardiac output and blood 
flow to individual tissue or organ. Tissue volume fractions and re-
gional blood flow fractions are unitless.

3  | RESULTS

3.1 | Body weights for sheep and goats by different 
production classes

The average market weight for sheep, including both mature sheep 
and lambs, was calculated based on the data extracted from the 
weekly national lamb market summary from US Department of 
Agriculture (USDA) from May 2018 to May 2019 (USDA, 2019b). The 
average market weight of sheep was 62.88 kg based on the reported 
live weight of 115,000 animals (Table 1).

Goats and sheep are marketed for meat over a wide age range, 
from a few weeks to several years of age. In order to classify val-
ues of physiological parameters into different age and production 
classes, data on ages, teeth, and body weights were extracted 
from a previous report (Machen,  2016). The details of ages and 

F I G U R E  1   A brief flowchart for the process of literature search, inclusion, exclusion, data extraction, and analysis for physiological 
parameters in sheep and goats [Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1   Average market weight for sheep

Date
Number of 
animals Live weight (lb)

Live weight 
(kg)

4-May-19 39,000 136

27-Apr-19 41,000 140

5-May-18 35,000 140

All 115,000 138.64 62.88

Note: Data are from USDA (2019b). Sheep represent both mature sheep 
and lambs in this table.

www.wileyonlinelibrary.com
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corresponding body weight ranges for different market categories 
of goats and sheep are shown in Table 2. The weight range for lambs 
is from 6.8 kg to ~36 kg. The original data and data analysis for the 
average market weight of sheep and market categories of goats and 
sheep are provided in Excel® File A1 of Supporting Information.

3.2 | Growth curves and body weight gain

The growth curves for fetal sheep and goats are important to de-
velop gestational models to predict fetal exposure to drugs during 
pregnancy. Many factors, including genetic and environmental de-
terminants, have impacts on the gestation time. The average lengths 
of gestation for sheep and goats are very similar (Sivachelvan 
et  al.,  1996), being reported as 148  days for sheep (Jainudeen & 
Hafez, 2000) and 146 days for goats (Devendra & McLeroy, 1982). 
Based on the available data, only the growth curves for fetal sheep, 
sheep from 2  months to 3  years, and goats from 0 to 6  months 

were generated. The growth curves of fetal sheep and sheep from 
2  months to 3  years are based on data of different breeds and 
both sexes from different studies (Moss et  al.,  2005; Robillard & 
Weitzman, 1980; Singh et al., 2018). However, the growth curve of 
goats is based on data from two studies for Omani goats from the 
same research group (Mahgoub,  1997; Mahgoub & Lodge,  1998). 
The growth curve for sheep from gestational day (GD) 106–45 days 
after birth is:

where BW represents body weight in kg, Age_GD resembles ges-
tational age values in days or days since the beginning of gestation, 
B0 = −5.4003, and B1 = 0.064 (R2 = 0.846) (Figure 2).

The growth curve for sheep from around 2 months to 3 years 
old is:

where BW represents body weight in kg, age resembles age values in 
days after birth, “ln” stands for natural logarithm, B0 = −59.181, and 

(1)BW = B0 + B1 ∗ Age_GD

(2)BW = B0 + B1 ∗ ln (Age)

Age Teeth

Goats (kg) Sheep (kg)

Beginning 
Weight

Final 
Weight

Beginning 
Weight

Final 
Weight

Kid, lamb 0–11 months Milk (baby) 
teeth

6.8 31.75 6.8 36.28

Yearling 12–23 months 1 pair 
permanent

27.21 54.42 34.01 68.03

Young 24–36 months 2–3 pair 
permanents

40.82 81.63 40.82 90.7

Mature 4–6 years old 4 pair 
permanents

45.35 90.7 40.82 102.04

Aged 7+ years old Worn, broken 
mouth

45.35 40.82

Note: Data are from Machen (2016).

TA B L E  2   Market categories of goats 
and sheep and their respective weights

F I G U R E  2   The growth curve of fetal body weight for sheep 
from 106 gestational days to 45 days after birth. The data of fetal 
body weights within 45 days of birth from the previous studies 
of Moss et al. (2005), Robillard and Weitzman (1980), and Singh 
et al. (2018) were pooled together to generate the growth curve. 
The reported 148 days as the average gestation days for sheep 
was considered as the time of birth [Colour figure can be viewed at 
wileyonlinelibrary.com]

y = 0.064x - 5.4003 
R² = 0.846 
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F I G U R E  3   The growth curve for sheep from around 2 months 
to 3 years age. The data were pooled and calculated from previous 
studies of Moss et al. (2005) and Singh et al. (2018) [Colour figure 
can be viewed at wileyonlinelibrary.com]
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B1 = 16.003 (R2 = 0.8418) (Figure 3). Raw data and data analysis for 
Figures 2 and 3 are provided in Excel File B1 of Supporting Information.

The growth curve for goats from 0 month to around 6 months is:

where BW represents body weight in kg, age resembles age values in 
days after birth, B0 = 3.4623, and B1 = 0.0909 (R2 = 0.9037) (Figure 4). 
Raw data and data analysis for Figure 4 are available in Excel File C1 of 
Supporting Information.

3.3 | Organ weight

Relative organ weights in sheep based on all available data from 
both market-age sheep and lambs are summarized in Table  3. The 
summary for relative organ weights in market-age sheep was based 
on sheep with the body weight higher than 40 kg on both sexes in 
Table  4. The relative organ weights for lambs are listed in Table  5 
using data from sheep with body weights from 7 to 40 kg. In Table 6, 
the relative organ weights in fetal and neonatal sheep are included, 
and these values were based on previous studies (Creasy et al., 1972; 
Greenwood et al., 2004; Hansard, 1956; Jobe et al., 1998; McDonald 
& Nathanielsz,  1991; Vonnahme et  al.,  2003). The average body 
weights of sheep for those data in Tables 4, 5, and 6 are 58.73, 28.34 
and 3.40 kg, respectively. Most of the values are based on both sexes. 
The relative weights of udder tissues in non-lactating and lactating 
female sheep are shown in Table 7, which were based on the data from 
the study of Thompson (1980). Original raw data for relative organ 
weights of market-age sheep, lambs, and fetal and neonatal sheep are 
available in Excel File B2 in the Supporting Information. Due to lim-
ited data for organ weights in goats, the summary for relative organ 
weights in goats was based on both sexes and different breeds (shown 
in Table 8). The average body weight for goats used to calculate values 
in Table 8 was 25.56 kg ranging from 10.4 to 65 kg. For weights of 
blood in sheep and goats, detailed values for arterial blood and venous 
blood were not available. The raw data for relative organ weights in 
goats can be found in the Excel File C2 of the Supporting Information.

3.3.1 | Adrenals

The adrenal gland data of sheep were obtained from four different 
studies (Barnes et al., 1983; Hales & Fawcett, 1993; Moss et al., 2005; 
Vonnahme et al., 2003). The adrenal glands constitute approximately 
0.007% of the body weight in sheep including both market-age sheep 
and lambs (Table 3). The mean value for market-age sheep is 0.006% 
(Table 4) and is 0.008% for lambs (Table 5). These values are compa-
rable to the tissue weight of adrenal glands in beef cattle and dairy 
cows of 0.006% (Lin et al., 2020). The value of adrenal glands for fetal 
sheep is 0.022% (Table 6), which is much higher than those in mar-
ket-age sheep and lambs. All the values reported for sheep are in the 
range of previously reported values of 0.004%–0.14% in dogs, 0.02% 
in humans, and 0.01%–0.04% in mice (Brown et al., 1997). Data on 
the relative weight of adrenal glands are not available in goats.

3.3.2 | Adipose tissue

The weight of adipose tissue reflects the weight of dissectible fat 
tissue only for sheep and goats. The mean relative tissue weight of 
adipose in sheep is 17.94% (Table 3), 20.98% for market-age sheep 
(Table 4), and 17.67% for lambs (Table 5). The value is not available 
for fetal sheep. The summarized relative weights of adipose tissue in 
sheep and lambs are comparable to the values of 16.8% from previ-
ous studies in sheep (Craigmill, 2003; Upton, 2008) and 19.2% from 
another review article (Lautz et al., 2020) on physiological param-
eters in farm animals. The relative adipose tissue weights for goats 
were calculated based on two previous studies (Mahgoub,  1997; 
Mahgoub & Lu, 1998), and the average value is 9.14% (Table 8). The 
value in goats is close to the value of 8.5% in a previous PBPK model 
for goats (Leavens et al., 2012). All these values reported here for 
sheep and goats are within the range of ~7% to ~21.42% for mice, 
rats, and humans, and these values vary depending on the sex and 
the measurement method (Brown et al., 1997).

3.3.3 | Blood

The calculated mean for relative blood weight in sheep is 5.22% in 
Table 3, and 4.86% and 5.29% for market-age sheep and lambs, re-
spectively, which are all comparable to the value of 4.31% in cattle (Lin 
et al., 2020) and close to the values of 5.7% (Upton, 2008) and 4.7% 
(Lautz, Dorne, et al., 2020) from previous reviews on sheep. Based on 
data reported in a previous study for neonatal sheep (Hansard, 1956), 
the average relative weight of the blood in fetal and neonatal sheep 
is approximately 9.30% of the body weight as shown in Table 6. The 
calculated relative blood weight for goats is 5.49% (Table 8). The val-
ues in sheep and goats are within the range of 4.9%–8.2% for the 
species of mice, rats, dogs, and humans (Brown et al., 1997), except 
the value in fetal sheep is slightly higher. The venous blood to arterial 
blood ratio is also an important parameter for PBPK modeling, espe-
cially when lung is included as an individual compartment and blood is 

(3)BW = B0 + B1 ∗ Age

F I G U R E  4   The growth curve for goats from 0 month to around 
6 months age. The data were pooled and calculated from previous 
studies of Mahgoub (1997) and Mahgoub and Lodge (1998) [Colour 
figure can be viewed at wileyonlinelibrary.com]

y = 0.0909x + 3.4623
R² = 0.9037 
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separated into venous and arterial blood. However, no experimental 
study was identified for this parameter in sheep and goats.

3.3.4 | Bone

The calculated mean relative weight value of bone is 5.96% for sheep 
(Table  3) based on data from four different studies (Butterfield & 
Thompson,  1983; Elsley et  al.,  1964; Murray & Slezacek,  1976; 

Perry et  al.,  1992). The average value for relative bone weight in 
market-age sheep is 5.31% (Table 4), and in lambs is 6.64% (Table 5). 
These values for sheep are slightly lower than the value of 7% re-
ported in a previous review paper for a standard size of 45 kg sheep 
(Upton, 2008). The relative bone weight for fetal sheep is not avail-
able. The mean relative bone weight for goats is 7.84% (Table  8), 
and this value was calculated based on values reported in two stud-
ies (Davis et  al.,  1975; Mahgoub,  1997). The calculated mean val-
ues for sheep and goats are comparable to the values of ~5.4% in 

Mean SD
Number of 
Animals

Number of 
Studies References

Adrenals 0.007 0.002 37 4 1–4

Adipose Tissue 17.94 2.50 168 5 5–9

Blood 5.22 0.53 124 6 10–15

Bone 5.96 0.51 87 4 7, 8, 16, 17

Brain 0.26 0.03 21 2 2, 3

GI tract 4.83 1.15 57 3 11, 14, 18

Stomach 2.73 0.78 26 2 14, 18

Rumen 1.08 0.23 43 2 2, 18

Reticulum 0.25 0.05 43 2 2, 18

Omasum 0.22 0.06 52 3 1, 2, 18

Abomasum 0.42 0.14 80 4 1, 2, 14, 18

Small intestine 2.07 0.40 120 5 6, 14, 18–20

Doudenum 0.09 0.03 9 1 1

Ileum 0.16 0.09 9 1 1

Jejunum 0.56 0.09 9 1 1

Large intestine 1.15 0.26 120 5 6, 14, 18–20

Heart 0.42 0.08 146 8 1–3, 6, 10, 14, 
18, 19

Kidneys 0.29 0.06 165 10 1–3, 6, 10, 11, 
14, 18–20

Liver 1.66 0.24 249 13 1–4, 6, 10–14, 
18–20

Lungs 1.72 0.22 201 7 3, 6, 10, 12, 14, 
18, 19

Muscle 24.78 2.20 43 2 7, 16

Pancreas 0.10 0.02 31 4 1–3, 11

Pituitary 0.0016 0.0004 28 3 2–4

Skin 9.40 0.77 38 1 6

Spleen 0.31 0.13 73 6 1–3, 10, 11, 14

Thyroid 0.010 0.002 21 2 2, 3

Uterus (female) 3.52 1.05 7 1 4

Udder (female) 0.57 0.22 5 1 22

Rest of body 23.32

Note: The studies involved in the organ weight or tissue volume calculations are: 1. Barnes 
et al. (1983); 2. Hales and Fawcett (1993); 3. Moss et al. (2005); 4. Vonnahme et al. (2003); 5. 
Gregory et al. (1986); 6. Joy et al. (2008); 7. Murray and Slezacek (1976); 8. Butterfield and 
Thompson (1983); 9. Pittroff et al. (2006); 10. Hansard (1956); 11. Macgregor and Gerrard (1980); 
12. Riley et al. (1989); 13. Davison et al. (1965); 14. Kamalzadeh et al. (1998); 15. Anosa and Isoun 
(1976); 16. Elsley et al. (1964); 17. Perry et al. (1992); 18. McLeod and Baldwin (2000); 19. Rompala 
et al. (1988); 20. Burrin et al. (1990); 21. Tompson (1980); 22. Mahgoub and Lodge (1998).

TA B L E  3   Relative organ weight 
(percent of body weight) or tissue volume 
for sheep based on all available data from 
market-age sheep and lambs with the 
average body weight of 37.71 kg (body 
weights are higher than 7 kg)
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mice, 5%–7% in rats, ~8.1% in dogs, and ~7.1% in humans (Brown 
et al., 1997).

3.3.5 | Brain

The calculated mean value for relative brain weight in sheep is 
0.26% (Table  3) based on data from two different studies (Hales & 
Fawcett, 1993; Moss et al., 2005), for market-age sheep 0.21% (Table 4), 
for lambs 0.28% (Table 5), and for fetal sheep 1.52% (Table 6). The cal-
culated value for relative brain weight in goats is 0.32% (Table 8). These 
values are close to the value of 0.2% reported for sheep in previous 
review articles (Lautz, Dorne, et al., 2020; Upton, 2008). Except for the 
value for fetal sheep, the values for relative brain weight in sheep and 
goats are much lower than the reported values in other species, which 
are in the range of 0.6% in rats to 2.0% in humans (Brown et al., 1997), 
but they are comparable to the value in swine of 0.22% (Lin et al., 2020). 

Our calculated relative brain weights of 0.26% for sheep and 0.32% 
for goats are also comparable to the reported values of 0.191% for 
57.6 kg sheep and 0.416% for 31.3 kg goats from Boxe nbaum (1982). 
Using an allometric equation between brain weight and body weight 
(Boxe  nbaum & D'Souza,  1990; R. D. Martin,  1981), the calculated 
relative brain weights are 0.395% for market-age sheep (62.88  kg) 
and 0.361% for mature goats of 90.7 kg. This calculated percentage is 
slightly higher than our compiled value for sheep (0.26% vs. 0.395%), 
but very similar for goats (0.32% vs. 0.361%).

3.3.6 | Gastrointestinal tract

The calculated values of total gastrointestinal (GI) tract and indi-
vidual segments of the GI tract reported here already excluded the 
contents in GI tract. The mean value for relative tissue weight of 
total GI tract for sheep (pooled with market-age sheep and lambs) 

Mean SD
Number of 
animals

Number of 
studies References

Adrenals 0.006 0.002 13 2 1, 2

Adipose Tissue 20.98 2.68 14 2 3, 4

Blood 4.86 0.50 21 5 5–9

Bone 5.31 0.53 44 2 4, 10

Brain 0.21 0.02 6 1 1

GI tract 4.45 0.54 23 3 5, 8, 11

Stomach 2.17 0.42 10 1 12

Rumen 1.27 0.18 14 1 11

Reticulum 0.28 0.04 14 1 11

Omasum 0.26 0.05 14 1 11

Abomasum 0.43 0.14 22 2 8, 11

Small intestine 1.28 0.22 32 3 8, 11, 12

Large intestine 0.92 0.14 32 3 8, 11, 12

Heart 0.38 0.07 46 5 1, 6, 8–10

Kidneys 0.23 0.03 47 6 1, 5, 6, 8, 
11, 12

Liver 1.27 0.24 54 8 1, 2, 5, 6–8, 
11, 12

Lungs 1.07 0.24 46 5 1, 6, 8, 11, 
12

Pancreas 0.10 0.02 7 2 1, 5

Pituitary 0.0018 0.0004 13 2 1, 2

Spleen 0.28 0.10 23 4 1, 5, 6, 8

Thyroid 0.0080 0.0002 6 1 1

Uterus (female) 3.52 1.05 7 1 2

Udder (female) 0.57 0.22 5 1 13

Rest of body 56.55

Note: The studies involved in the organ weight or tissue volume calculations are: 1. Moss 
et al. (2005); 2. Vonnahme et al. (2003); 3. Gregory et al. (1986); 4. Butterfield and Thompson 
(1983); 5. Macgregor and Gerrard (1980); 6. Hansard (1956); 7. Davison et al. (1965); 8. Kamalzadeh 
et al. (1998); 9. Anosa and Isoun (1976); 10. Perry et al. (1992); 11. McLeod and Baldwin (2000); 12. 
Rompala et al. (1988); 13. Thompson (1980).

TA B L E  4   Relative organ weight 
(percent of body weight) or tissue volume 
for market-age sheep with the average 
body weight of 58.73 kg (body weights 
are higher than 40 kg)
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is 4.83% (Table  3). The sum of individually reported relative tis-
sue weights of stomach (2.73%), small (2.07%), and large intestines 
(1.15%) in Table 3 is 5.95%. The variability between these two val-
ues is due to the fact that they were calculated based on different 
studies. The relative tissue weights of GI tract for market-age sheep 
are 4.45% (Table 4), for lambs 5.08% (Table 5), and for fetal sheep 
4.82% (Table 6). The mean relative GI tract tissue weight is 6.55% 
for goats (Table 8). The relative GI tract tissue weight of sheep and 
goats are higher than the values reported for mammals without a 
ruminant digestive system (e.g., 4.2% for mice, 2.7% for rats, 3.7% 
for dogs, and 1.7% for humans) (Brown et al., 1997). However, these 
calculated values of sheep and goats are comparable to the val-
ues reported previously for sheep as 6.4% (Upton, 2008) and 5.4% 
(Lautz, Dorne, et  al.,  2020), and also close to 5.98% reported for 

cattle (Lin et al., 2020). The food or chemical residue transit time 
in each GI tract segment or gastric emptying time is important for 
the physiologically based model for GI tract. However, limited in-
formation is available for these parameters in sheep and goats. The 
average retention time in GI tract for sheep is in the range of 40.80–
47.4 hr (Hadjigeorgiou et al., 2000; Kennedy et al., 1992; Tsiplakou 
et al., 2011) and for goats is 27.81 hr (Tsiplakou et al., 2011). The 
rumen retention time is 30.03  hr for sheep and much shorter for 
goats as 14.43 hr, and the cecum retention time is similar between 
sheep and goats as 1.91 hr for sheep and 1.89 hr for goats (Tsiplakou 
et  al., 2011). In addition, previous studies have shown that intake 
food amounts (P. C. Gregory et  al.,  1985) and feeding practices 
(Tsiplakou et al., 2011) can significantly impact the food transit time 
in GI tract for sheep and goats.

Mean SD
Number of 
animals

Number of 
studies References

Adrenals 0.008 0.002 24 2 1, 2

Adipose Tissue 17.67 2.48 154 3 3, 5, 12

Blood 5.29 0.54 103 3 6–8

Bone 6.64 0.48 43 2 5, 9

Brain 0.28 0.03 15 1 2

GI tract 5.08 1.42 34 2 8, 10

Stomach 3.09 0.94 16 1 11

Rumen 0.99 0.25 29 2 2, 10

Reticulum 0.24 0.05 29 2 2, 10

Omasum 0.21 0.06 38 3 1, 2, 10

Abomasum 0.42 0.14 58 4 1, 2, 8, 10

Small intestine 2.36 0.45 88 4 4, 8, 10, 11

Doudenum 0.09 0.03 9 1 1

Ileum 0.16 0.09 9 1 1

Jejunum 0.56 0.09 9 1 1

Large intestine 1.24 0.30 88 4 4, 8, 10, 11

Heart 0.44 0.09 100 6 1, 2, 4, 6, 8, 10

Kidneys 0.31 0.06 118 7 1, 2, 4, 6, 8, 
10, 11

Liver 1.77 0.24 195 8 1, 2, 4, 6–8, 
10, 11

Lungs 1.91 0.21 155 5 4, 6–8, 10

Muscle 24.78 2.20 43 2 5, 9

Skin 9.40 0.77 38 1 4

Pancreas 0.10 0.02 24 2 1, 2

Pituitary 0.0015 0.0003 15 1 2

Spleen 0.32 0.15 50 4 1, 2, 6, 8

Thyroid 0.010 0.002 15 1 2

Rest of Body 25.99

Note: The studies involved in the organ weight or tissue volume calculations are as follows: 1. 
Barnes et al. (1983); 2. Hales and Fawcett (1993); 3. Gregory et al. (1986); 4. Joy et al. (2008); 5. 
Murray and Slezacek (1976); 6. Hansard (1956); 7. Riley et al. (1989); 8. Kamalzadeh et al. (1998); 
9. Elsley et al. (1964); 10. McLeod and Baldwin (2000); 11. Burrin et al. (1990); 12. Pittroff 
et al. (2006).

TA B L E  5   Relative organ weight 
(percent of body weight) or tissue volume 
for lambs with the average body weight of 
28.34 kg (body weights are in the range of 
7–40 kg)
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3.3.7 | Heart

The calculated mean relative organ weight of heart is 0.42% for sheep 
(pooled data from market-age sheep and lambs) as shown in Table 3, 
0.38% for market-age sheep (Table 4), 0.44% for lambs (Table 5), and 
0.73% for fetal sheep (Table 6). The relative organ weight of heart 
constitutes about 0.44% of the total body weight of goats (Table 8). 
The relative organ weights of heart for sheep and goats are compa-
rable to the values of 0.37% (Upton, 2008) and 0.4% (Lautz, Dorne, 
et al., 2020) previously reported for sheep. All these values for sheep 

and goats are in the range of relative heart weight from 0.27% to 
0.85% reported for mice, rats, dogs, and humans (Brown et al., 1997). 
However, the average value for fetal sheep, which is based on data 
from 3 different studies (Creasy et al., 1972; Greenwood et al., 2004; 
Hansard, 1956) with the range from 0.725% to 0.74%, is higher com-
pared to values for market-age sheep and lambs.

3.3.8 | Kidneys

The relative organ weight for kidneys is reported as the sum of 
weight of both kidneys. The calculated mean relative organ weight 
of kidneys is 0.29% for sheep with data from both market-age 
sheep and lambs (Table 3), 0.23% for market-age sheep (Table 4), 
0.31% for lambs (Table  5), and 0.56% for fetal sheep (Table  6). 
The kidneys constitute about 0.38% of the body weight in goats 
(Table 8). Except the value for fetal sheep, all other values for sheep 
and goats are close to the values reported in previous reviews as 
0.46% (Upton,  2008) and 0.30% (Lautz, Dorne, et  al.,  2020) for 
sheep; and these values are also comparable to the reported val-
ues of 0.21% for adult cattle and 0.37% for swine (Lin et al., 2020). 
The higher relative organ weight value reported for fetal sheep 
may be due to the much lower body weight of fetal sheep. This 
explanation applies to the relative weights of a few other organs, 
such as brain, liver, blood, and lungs that are higher in the fetal 
sheep than in the market-age sheep.

Mean SD
Number of 
animals

Number of 
studies References

Adrenals 0.02 0.02 55 5 1–5

Blood 9.30 NA 5 1 6

Brain 1.52 0.34 23 2 2, 5

GI tract 4.82 0.94 18 2 1, 5

Stomach 1.56 0.30 12 1 1

Omasum 0.15 0.03 11 1 4

Abomasum 0.28 0.07 11 1 4

Small intestine 2.67 0.78 12 1 1

Large intestine 0.79 0.17 12 1 1

Heart 0.73 0.12 23 3 1, 5, 6

Kidneys 0.56 0.28 51 5 1, 2, 4–6

Liver 2.10 0.92 60 6 1–6

Lungs 2.17 0.99 60 6 1–6

Pancreas 0.07 0.05 23 2 1, 4

Spleen 0.30 0.17 17 2 1, 6

Thyroid 0.02 0.01 18 2 1, 5

Thymus 0.42 0.12 18 2 1, 5

Testes (male) 0.11 0.03 12 1 1

Rest of body 77.85 0.02

Note: The studies involved in the organ weight or tissue volume calculations are as follows: 1. 
Greenwood et al. (2004); 2. Jobe et al. (1998); 3. McDonald and Nathanielsz (1991); 4. Vonnahme 
et al. (2003); 5. Creasy et al. (1972); 6. Hansard (1956).

TA B L E  6   Relative organ weight 
(percent of body weight) or tissue volume 
for fetal sheep with the average body 
weight of 3.40 kg (body weights are in the 
range of 2.5–5.1 kg)

TA B L E  7   Relative organ weight (percent of body weight) or 
tissue volume of udder tissues for non-lactating and lactating sheep

Non-lactating Lactating

Mean SD Mean SD

Udder 0.5672 0.2177 1.6248 0.3776

Udder secretory 
tissue

0.3444 0.1538 1.4101 0.3692

Udder adipose 
tissue

0.1594 0.0607 0.0994 0.0387

Udder lymph 
tissue

0.0075 0.0047 0.0119 0.0034

Udder teat tissue 0.0075 0.0014 0.0119 0.0035

Udder skin tissue 0.0485 0.0098 0.0915 0.0256

Note: These values are based on a previous study (Thompson, 1980).
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3.3.9 | Liver

The calculated mean relative liver weight in sheep is 1.66% (Table 3), 
1.27% for market-age sheep (Table 4), 1.77% for lambs (Table 5), and 
2.10% for fetal sheep (Table  6). The relative organ weight of liver 
in goats is 1.89% (Table  8). All these values are much lower than 
the values of 5.49%, 3.66%, 3.29%, and 2.57% reported for mice, 
rats, dogs, and humans, respectively (Brown et al., 1997). However, 
the values of relative liver organ weights for sheep and goats are 
close to the values of 1.6% (Upton, 2008) and 1.5% (Lautz, Dorne, 
et al., 2020) from previous reviews for sheep, and also comparable 
to the values of 1.23% in cattle and 2.04% in swine (Lin et al., 2020). 
The lower values of relative liver organ weights in food-producing 
animals may be due to larger body size and body weight compared 
to laboratory animals.

3.3.10 | Lungs

The calculated relative organ weight for lungs is 1.72% for sheep with 
data from market-age sheep and lambs (Table 3), 1.07% for market-age 
sheep (Table 4), 1.91% for lambs (Table 5), and 2.17% for fetal sheep 
(Table  6). The lungs constitute 1.22% of the body weight in goats 
(Table 8). All these values are comparable to the reported values of 

relative lung weight for sheep as 1.0% (Upton, 2008) and 1.1% (Lautz, 
Dorne, et al., 2020) from previous reviews for sheep, and also close to 
the values of 0.77% in adult cattle and 0.9% in swine (Lin et al., 2020).

3.3.11 | Muscle

The calculated mean relative weight of muscle for sheep using all 
available data is 24.78% (Table 3), which is based on two studies with 
43 lambs (Table  5) (Elsley et  al.,  1964; Murray & Slezacek,  1976). 
There are no available data on relative muscle weight for market-age 
sheep and fetal sheep. As shown in Table 8, the weight of muscle 
for goats constitutes approximately 38.58% of the body weight. The 
value in sheep is close to the value of 27.7% reported in a previous 
review (Upton, 2008). The value in goats is close to the values for 
adult cattle as 36.10% and for swine as 36.32% of body weight (Lin 
et al., 2020).

3.3.12 | Pancreas

The calculated mean value is 0.10% for relative weight of pancreas 
in sheep, market-age sheep and lambs as shown in Tables 3–5, and 
0.07% for fetal sheep (Table 6). These values are slightly lower than 

Mean SD
Number of 
animals

Number of 
studies References

Adipose tissue 9.14 1.82 70 2 1, 2

Blood 5.49 0.51 55 2 3, 4

Bone 7.84 1.30 56 2 1, 6

Brain 0.32 0.03 16 1 6

GI tract 6.55 1.13 90 4 1–3, 6

Rumen 2.27 0.37 8 1 6

Reticulum 0.32 0.08 8 1 6

Omasum 0.24 0.08 20 2 3, 6

Abomasum 0.86 1.10 20 2 3, 6

Small intestine 1.96 0.70 28 2 3, 6

Large intestine 1.40 0.36 28 2 3, 6

Cecum 0.12 0.03 12 1 3

Heart 0.44 0.06 105 6 1–3, 5, 6

Kidneys 0.38 0.06 28 2 3, 6

Liver 1.89 0.29 82 3 1–3

Lungs 1.22 0.23 98 4 1–3, 6

Muscle 38.58 3.18 48 2 1, 6

Skin 6.77 1.11 82 3 1–3

Spleen 0.19 0.03 68 3 1, 3, 6

Udder (female) 1.78 0.54 7 1 7

Rest of body 19.42

Note: The studies involved in the organ weight or tissue volume calculations are as follows: 1. 
Mahgoub and Lu (1998); 2. Mahgoub (1997); 3. Ngwa et al. (2009); 4. Riley et al. (1989); 5. McKean 
and Walker (1974); 6. Davis et al. (1975); 7. Reynolds et al. (1968).

TA B L E  8   Relative organ weight 
(percent of body weight) or tissue volume 
for goats with the average body weight as 
25.56 kg (body weights are in the range of 
10.4–65 kg)
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the reported values in the range of 0.14%–0.7% for mice, rats, dogs, 
and humans (Brown et  al.,  1997). There are no data available for 
tissue weight of the pancreas in goats. The relative organ weights 
of the pancreas for sheep, lambs and fetal sheep are close to the 
values of 0.09% in adult cattle and 0.15% in swine (Lin et al., 2020).

3.3.13 | Pituitary

The calculated mean value for relative organ weight of pituitary in 
sheep pooled with market-age sheep and lambs is 0.0016% (Table 3), 
0.0018% for market-age sheep (Table  4), and 0.0015% for lambs 
(Table 5). These values are not available in other species.

3.3.14 | Spleen

Spleen constitutes about 0.31% of the body weight for sheep 
using pooled data from market-age sheep and lambs (Table  3), 
0.28% for market-age sheep (Table 4), 0.32% for lambs (Table 5), 
and 0.30% for fetal sheep (Table 6). The average value of relative 
spleen weight for goats is 0.19% (Table 8). All these values in sheep 
and goats are comparable to the values in adult cattle as 0.18% 
and swine as 0.20% (Lin et  al.,  2020), and fall in or close to the 
range of 0.20%–0.35% for mice, rats, dogs, and humans (Brown 
et al., 1997).

3.3.15 | Thymus

The mean relative weight of thymus is 0.42% in fetal sheep (Table 6). 
The data are very limited, and not available in other age groups of 
sheep, nor in goats. The value of relative organ weight of thymus for 
fetal sheep is comparable to the value of 0.23% in calves and 0.28% 
in swine (Lin et al., 2020).

3.3.16 | Thyroid

The mean relative weight of the thyroid gland is 0.010% of body 
weight in sheep with pooled data from market-age sheep and lambs 
(Table 3), 0.008% for market-age sheep (Table 4), 0.010% for lambs 
(Table 5), and 0.02% for fetal sheep (Table 6). Relative weight data 
for thyroid glands are not available in goats. The relative weight of 
thyroid gland for sheep is comparable to the values of 0.005% in 
rats, 0.008% in dogs, and 0.03% in humans (Brown et al., 1997), as 
well as 0.011% in swine (Lin et al., 2020).

3.3.17 | Mammary glands

The physiological parameters for mammary glands (i.e., udder) in 
sheep and goats are important for extrapolating PBPK models from 

meat sheep or goats to dairy sheep or goats. However, very limited 
data are available for mammary glands in sheep and goats. Available 
data for the weight of mammary glands were obtained from only one 
study in sheep (Thompson, 1980) and one study in lactating goats 
(Reynolds et  al.,  1968). The mammary glands constitute 0.57% of 
body weight for non-lactating sheep (Table 3 and Table 4) and 1.62% 
for lactating sheep, and 1.78% for lactating goats (Table 8). The rela-
tive weights of different tissue components of mammary glands in 
non-lactating and lactating sheep were obtained from the study by 
Thompson (1980), and are shown in Table 7. The relative weight of 
mammary glands for lactating goats is similar to the value of 1.67% 
for dairy cows (Lin et al., 2020), but the value for non-lactating sheep 
is lower than lactating sheep, goats, and cows.

3.3.18 | Reproductive organs

Limited data are available for reproductive organs in food-producing 
animals. The relative weight of the uterus in pregnant sheep is 3.52% 
and shown in Tables 3 and 4 based on the data from one study of 
7 animals (Vonnahme et al., 2003). The relative weight of the tes-
tes is 0.11% (Table 6), which is comparable to the value of 0.1% for 
beef cattle (Lin et  al.,  2020), but the relative weight of uterus in 
pregnant sheep is higher than the value in dairy cows as 1.09% (Lin 
et  al.,  2020), in part, because the uterus weight was measured in 
pregnant sheep (Vonnahme et al., 2003).

3.3.19 | Mass balance

The value for the relative organ weight of the rest of body is in-
cluded in the table to maintain the mass balance and to keep the 
sum of total relative organ weight fractions to be 100%. The value 
for rest of body in Table 3 for sheep is 23.32%, in Table 5 for lambs is 
25.99%, and in Table 8 for goats is 19.42%, which counts for the ear, 
horn, eye, hoof, hair, some of the reproductive organs, and GI tract 
contents. As the value for relative muscle weight is not available for 
market-age sheep, the rest of body value is 56.55% in Table 4, which 
includes around 24.78% of muscle weight. Without data for adipose 
tissue, bone, muscle, and skin, the value for rest of body for fetal 
sheep is 77.85% (Table 6), and according to Table 3 these four tissues 
should constitute around 58.08% of the total body weight in sheep.

3.4 | Cardiac output

All cardiac output data in sheep and goats are from unanesthetized 
and resting animals only. Aesthesia and excise have impacts on the 
cardiac output in animals. The cardiac output values for sheep and 
goats are summarized in Tables  9 and 10, respectively. The value 
for cardiac output of sheep was calculated based on 11 different 
studies involving both lambs and adult sheep (Dodic et  al.,  2001; 
Evans et al., 1998; Gregory et al., 1986; Hales, 1973a, 1973b, 1973c; 
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Hales et al., 1976; Hales & Fawcett, 1993; Schiffer et al., 1993; Talke 
et al., 2000; Ullman et al., 2001). The average value of cardiac output 
for sheep is 7.15 L hr−1 kg−1 body weight. The cardiac output value 
for goats was calculated based on data from three studies (Barcroft 
et al., 1934; Chaiyabutr et al., 1980; Kutter et al., 2006). The mean 
cardiac output value is 8.17 L hr−1 kg−1 body weight for goats. In the 
review paper by Upton (2008), the cardiac output of sheep was re-
ported as 5,342 ml/min based on a standard sheep with body weight 
of 45 kg, which is equivalent to 7.12 L hr−1 kg−1 body weight after 
unit conversion. This value is similar to the cardiac output value of 
sheep reported in this manuscript. Cardiac output value in goats was 
not reported in previous review papers for physiological parameters 
(Brown et al., 1997; Upton, 2008). The raw data and data analysis for 
cardiac output for sheep are included in Excel File B3, and for goals 
are in Excel File C3 in the Supporting Information.

3.5 | Blood flow

Blood flow fractions are only reported for sheep in this manu-
script (Table 11). Blood flow fractions are not summarized for goats 
due to insufficient data. Only blood flows to mammary glands 
(Linzell,  1960; Linzell & Fleet,  1966; Maltz et  al.,  1984) and brain 
(Pelligrino et al., 1984) were found for goats. Before all the experi-
mentally measured blood flow fraction parameter values become 
available for goats, a similar strategy as used in a previous PBPK 
model in goats (Leavens et al., 2012) can be used to adapt values of 
organ blood flow fractions from sheep to goats.

The units of blood flow for organs were standardized to percent-
age of cardiac output. The mean cardiac output reported in Table 9 
was used for those studies that did not report values for cardiac out-
put, including for non-lactating and lactating sheep. The distribution 
of blood flow to different muscle groups may differ depending on the 
activities of those muscle groups (Brown et  al.,  1997). The present 
study selected hind limbs to represent the blood flow to muscle in 
sheep because it is a commonly selected area to measure muscle 
blood flow (Alexander et al., 1973; Hales & Fawcett, 1993). The blood 
flow fractions of udder tissues were calculated based on the data of 
five animals from a previously reported study using non-lactating and 
lactating sheep (Thompson,  1980) and are shown in Table  12. The 
uterine and umbilical blood flows in pregnant sheep are reported 
in Table 13, and these data are based on pooled data from 21 preg-
nant animals from two different studies (Carver & Hay,  1995; Gu 

et al., 1985). All raw data and data calculations for blood flow fractions 
for sheep are provided in Excel File B4 of Supporting Information.

3.5.1 | Adrenals

The blood flow fraction to adrenal glands in sheep is 0.20% of car-
diac output (Table 11). This parameter was not reported in the two 
previous review articles on physiological parameters in sheep (Lautz, 
Dorne, et  al.,  2020; Upton,  2008). This value is similar to the val-
ues in other species, which are 0.3% in rats, 0.2% in dogs (Brown 
et al., 1997), and 0.06% in swine (Lin et al., 2020).

3.5.2 | Adipose tissue

The blood flow fraction to adipose tissue in sheep constitutes 6.18% 
of total cardiac output (Table 11). This value falls in the range of 6%–
15% reported in a previous PBPK model for sheep (Craigmill, 2003), 
and is comparable to the value of 7.0% in rats and 5.2% in humans 
(Brown et  al.,  1997). However, this value is higher than 2.3% re-
ported in a recent review paper in sheep (Lautz, Dorne, et al., 2020).

3.5.3 | Brain

The blood flow fraction to the brain is 2.95% of total cardiac output 
in sheep (Table 11). This value was based on data from 5 different 
studies with 54 animals (Alexander et al., 1973; Hales, 1973b, 1973c; 
Hales et  al.,  1976; Hales & Fawcett,  1993). This value is compara-
ble to the value of 2% for dogs and rats, and 3.3% for mice (Brown 
et al., 1997), and is slightly higher than 1.9% for sheep reported in an-
other review paper (Lautz, Nebbia, et al., 2020). This parameter value 
is much higher in humans, with a value of 11.4% (Brown et al., 1997).

3.5.4 | Gastrointestinal tract

The blood flow fractions to the rumen, reticulum, omasum, abomasum, 
small intestine, and large intestine in sheep are 2.57%, 0.92%, 0.93%, 
3.34%, 10.70%, and 8.53% of cardiac output, respectively (Table 11). 
The sum of the GI tract segmental blood flow fractions is 26.99%, 
which represents the blood flow fraction that travels to the liver 
through the portal vein. This value is very close to the mean value of 
28% for the portal vein blood flow in calves, but lower than 39% for the 
adult cattle and slightly higher than 19.9% for swine (Lin et al., 2020).

TA B L E  9   Cardiac output (L hr−1 kg−1 body weight) in 
unanesthetized sheep

Mean SD Number of animals Number of studies

7.15 2.47 126 11

Note: The value for cardiac output of sheep is based on 11 studies with 
both lambs and adult sheep (Dodic et al., 2001; Evans et al., 1998; N. 
G. Gregory et al., 1986; Hales, 1973a, 1973b, 1973c; Hales et al., 1976; 
Hales & Fawcett, 1993; Schiffer et al., 1993; Talke et al., 2000; Ullman 
et al., 2001).

TA B L E  1 0   Cardiac output (L hr−1 kg−1 body weight) in 
unanesthetized goats

Mean SD Number of animals Number of studies

8.17 1.79 29 3

Note: The value for cardiac output of goats is based on three studies 
(Barcroft et al., 1934; Chaiyabutr et al., 1980; Kutter et al., 2006).
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3.5.5 | Heart

The calculated average blood flow fraction to the heart in sheep 
of 5.64% (Table 11) is comparable to the values reported in previ-
ous review papers of 4.89% (Upton, 2008) and 4.5% (Lautz, Dorne, 
et al., 2020) for sheep. The blood flow fraction to the heart in sheep 
falls in the range of 4.0%–6.6% in mice, rats, dogs, and humans 

(Brown et  al.,  1997). It is similar to the value of 6% in calves, but 
larger than the value of 3% in swine (Lin et al., 2020).

3.5.6 | Muscle

The calculated mean blood flow fraction to muscle in sheep is 10.09% of 
cardiac output as shown in Table 11. This value is lower than the range 
of 16.1%–29.7% in mice, rats, dogs, and humans (Brown et al., 1997), 
and less than 28% in adult cattle and 34.2% in swine (Lin et al., 2020), 
but it is comparable to the value of 13.74% in sheep reported in an-
other review paper (Upton, 2008). However, in a recent review article, 
the fractional blood flow to muscle was reported as 33.2% of cardiac 
output (Lautz, Dorne, et al., 2020). The discrepancy of this parameter 
value between different studies could not be rectified.

3.5.7 | Kidneys

The blood flow fraction to kidneys is 12.98% of cardiac output in 
sheep. This value is close to the values of 14.3% (Lautz, Dorne, 
et al., 2020) and 16.73% (Upton, 2008) from previous review papers 

Mean SD
Number of 
animals

Number of 
studies References

Adrenals 0.20 0.076 58 5 1–5

Adipose Tissue 6.18 4.756 16 1 6

Brain 2.95 1.187 54 5 1, 2, 4, 5, 7

Heart 5.59 3.000 61 6 1–5, 7

Muscle 10.09 4.206 46 4 4, 5, 7, 8

Kidneys 12.98 5.670 96 8 1–5, 7, 10, 11

Liver 1.20 0.445 9 1 3

Pancreas 2.35 0.865 24 2 3, 4

Stomachs

Rumen 2.57 0.977 15 1 4

Reticulum 0.92 0.346 15 1 4

Omasum 0.93 0.328 24 2 3, 4

Abomasum 3.34 1.043 24 2 3, 4

Small intestine 10.70 1.263 41 3 1, 4, 5

Large Intestine 8.53 1.993 46 4 1, 2, 4, 5

Pituitary 0.010 0.003 41 3 1, 4, 5

Skin 10.93 3.124 18 2 2, 5

Spleen 4.54 2.944 58 5 1–5

Thyroid 0.36 0.196 49 4 1, 2, 4, 5

Udder (female) 0.35 0.168 5 1 12

Rest of body 15.28

Note: The regional blood flow fractions of sheep were calculated based following studies: 1. 
Hales (1973c); 2. Hales et al. (1976); 3. Barnes et al. (1983); 4. Hales and Fawcett (1993); 5. Hales 
(1973b); 6. Gregory et al. (1986); 7. Alexander et al. (1973); 8. Hales (1973a); 9. Gu et al. (1985); 10. 
Ullman et al. (2001); 11. Robillard and Weitzman (1980); 12. Thompson (1980). If no cardiac output 
reported in a specific study, the regional blood flow fractions were calculated using the average 
cardiac output of sheep reported in Table 9.

TA B L E  11   Regional blood flow 
distribution percent of cardiac output in 
sheep

TA B L E  1 2   Regional blood flow distribution percent of cardiac 
output for udder tissues in lactating sheep

Non-Lactating Lactating

Mean SD Mean SD

Udder 0.349 0.168 9.433 5.145

Udder secretory tissue 0.146 0.075 9.264 5.093

Udder adipose tissue 0.075 0.060 0.060 0.024

Udder lymph tissue 0.086 0.056 0.061 0.036

Udder teat tissue 0.005 0.003 0.009 0.004

Udder skin tissue 0.037 0.028 0.039 0.024

Note: The values are based on the data of five animals from a previous 
study (Thompson, 1980).
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on sheep. The value of blood flow fraction to kidneys in sheep falls 
in the range of 9.1%–17.5% for mice, rats, dogs, and humans (Brown 
et al., 1997). This value is also similar to the values of 10% in adult 
cattle and 11.4% in swine (Lin et al., 2020). The glomerular filtration 
rate (GFR) plays an important role in urine elimination. GFRs were 
reported in previous studies for sheep (Nesje et al., 1997; Parry & 
Taylor, 1956) and goats (Eriksson & Valtonen, 1982; Silanikove, 1984), 
and summarized in a review paper (Skotnicka et al., 2007) as 58 ml/
min/m2 for sheep and 53 ml min−1 m−2 for goats. A previous PBPK 
modeling study of penicillin G reported that a lower urine elimination 
rate in heavy sows would lead to a longer withdrawal interval than 
that from market-age swine (Li, Mainquist-Whigham, et  al.,  2019). 
Similarly, the declined renal blood flow and decreased GFR were re-
ported in aged female sheep (Lankadeva et al., 2014).

3.5.8 | Liver

The liver blood flow fraction reported here is specific for the hepatic 
artery blood flow only, and it constitutes 1.20% of cardiac output in 
sheep (Table 11). However, the total blood flow to liver, represented 
as a combination of blood flow in the hepatic artery and portal vein, 
is commonly used in PBPK models. The total blood flow to liver 
can be obtained by the sum of hepatic artery blood flow (1.20%) 
and GI tract blood flow (26.99%) to be 28.19%. This value is higher 
than the value of 18.3% used in a previous PBPK model for sheep 
(Craigmill, 2003), and comparable to the total liver blood flow frac-
tion of 24.3% in swine (Lin et al., 2020). The values of total blood 
flow fractions to liver are also in the range of 16.1%–29.7% in mice, 
rats, dogs, and humans (Brown et al., 1997). However, it is lower than 
the value of 46% from adult cattle (Lin et al., 2020) and the previ-
ously reported value of 47.40% for sheep (Upton, 2008).

3.5.9 | Udder

The blood flow to the mammary gland (i.e., udder) in non-lactating and 
lactating sheep was obtained from one study (Thompson, 1980), which 
was reported as 0.349% and 9.433% for non-lactating and lactating 
sheep, respectively (Tables 11 and 12). Lactation increases the blood 
flow fraction to the mammary gland by ~27-fold (Thompson, 1980). 
The blood flow to different components of mammary glands for 
non-lactating and lactating sheep was also calculated and included 
in Table 12. The value of blood flow to mammary glands in lactating 
sheep is slightly higher than the value of 7.4% reported for sheep in 
another review paper (Lautz, Dorne, et al., 2020), and is smaller than 
the value of 13% reported for dairy cows (Lin et al., 2020).

3.5.10 | Reproductive organs

There are limited data available for blood flow to reproductive or-
gans in sheep. The values of blood flow to the uterus and through 

the umbilical cord of pregnant sheep were calculated based on data 
from two studies (Carver & Hay, 1995; Gu et al., 1985) and included 
in Table 13. The percentage of cardiac output is 22.07% and 12.38% 
flowing to the uterus and umbilical cord, respectively, in pregnant 
sheep.

3.5.11 | Mass balance

The value for the blood flow to the rest of body is included in the 
table to maintain the mass balance. The blood flow fraction to the 
rest of body for sheep is 15.28% (Table 11), which accounts for the 
blood flow fractions to the ear, eye, bone, some reproductive organs, 
etc. As the values for individual organs are from different studies, 
the sum of these values may be higher or lower than the actual value 
due to variabilities between studies and between measurement 
methods.

3.6 | Vascular space

Data for vascular fractions of blood in organs were obtained 
from only one available study reporting values from 6 sheep 
(Hansard, 1956). Data are not available for goats. Values of most key 
organs for PBPK modeling were reported in this study. This data set 
is comprised of two groups of sheep with different ages. One group 
was composed of 3 market-age sheep with an average body weight 
of 50.49 kg, which is close to the average market weight for sheep 
(62.88 kg). The other group was composed of 3 lambs with an aver-
age body weight of 4.23 kg. The values of vascular fractions of blood 
in organs of sheep combining all data are summarized in Table 14, 
and the values for market-age sheep and lambs are presented in 
Table 15 and Table 16, respectively. All raw data and data analysis 
for vascular space of organs in sheep are provided in Excel File B5 of 
Supporting Information.

3.7 | Milk components and secretion

Besides meat production from sheep and goats, they are also im-
portant sources for dairy products. The milk components and phys-
icochemical characteristics have been comprehensively reviewed 
in a recent article (Balthazar et  al.,  2017). The amount of different 
milk components relevant to PBPK modeling are summarized as 

TA B L E  1 3   Regional blood flow distribution percent of cardiac 
output for uterine and umbilical blood flow in pregnant sheep

Mean SD

Uterine blood flow 22.07 11.11

Umbilical blood flow 12.38 7.51

Note: The values are based on pooled data of 21 pregnant animals from 
two different studies (Carver & Hay, 1995; Gu et al., 1985).
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following: water is 82.9  g/100  g in sheep's milk and 87.6  g/100  g 
in goats’ (Balthazar et  al.,  2017); fat weights 4.9–7.4  g/100  g in 
sheep's milk and 3.8–4.5  g/100  g in goats’ (Balthazar et  al.,  2017; 
Hadjipanayiotou,  1995; Larson,  1978); 5.5  g/100  g proteins are in 
sheep's milk and 3.7 g/100g in goats’ (Balthazar et al., 2017); casein 
weights 4.6–4.7 g/100 g in sheep's milk and 2.4–2.5 g/100 g in goats’ 
(Balthazar et  al.,  2017; Larson, 1978); and lactose is 4.8 g/100 g in 
sheep's milk and 4.1–4.6  g/100  g in goats’ (Balthazar et  al.,  2017; 
Hadjipanayiotou, 1995; Larson, 1978). The differences of milk compo-
nents among different breeds of sheep and goats are reported in the 
previous review paper (Ferro et al., 2017).

The physiological parameters related to milk secretion in sheep 
and goats play an important role to establish a physiologically based 
model for milk production. The daily milk yield for sheep is 0.62–
1.65  kg/day and for goats is 0.79–2.55  kg/day (Ferro et  al.,  2017; 
Salama et al., 2004), and milk yields in cistern and alveoli in goats were 
reported by Salama et al. (2004). The differences of milk yields among 
different breeds of sheep and goats were reported in the previous 
review (Ferro et  al.,  2017). The milk production in sheep, including 
total milk amount and the amount of milk in cistern and alveoli, was 
reported by Castillo et al. (2008). The milk productions in sheep and 
goats follow a linear regression (Castillo et  al.,  2008; Linzell,  1966; 
Salama et al., 2004) similar to the linear model used for milk production 
in cows from two recent studies (Woodward et al., 2020; Woodward 
& Whittem, 2019), which is different from the physiologically based 
milk secretion models using the Langmuir equation reported for dairy 
cows in earlier studies (Li et al., 2018; Whittem et al., 2012).

3.8 | Hematocrit

The values of hematocrit for sheep of all ages, market-age sheep, 
lambs, and fetal sheep are reported in Tables  17, 18, 19, and 20, 
respectively. The hematocrit for sheep of all different ages was 

calculated based on 24 studies (Alhidary et  al.,  2012; Anosa & 
Isoun,  1976; Bessho et  al.,  1997; Campbell et  al.,  2014; Carver & 
Hay, 1995; Ceï et al., 2018; Degen & Young, 1981; Gomes et al., 2013; 
Hart & Doyle,  1985; Horton & Burgher,  1992; Jobe et  al.,  1998; 
Maraba et al., 2018; Marsh et al., 2001; Matson et al., 1981; Mayland 
et al., 1986; Meyer-Gesch et al., 2013; Rege et al., 2002; Robillard 
& Weitzman,  1980; Roghair et  al.,  2004; Saylor & Leach,  1980; 
Singh et  al.,  2018; Talke et  al.,  1985; Tran et  al.,  2000; Vannucchi 
et al., 2012), and the average value was 36.15% (Table 17). The value 
of hematocrit for goats was calculated based on five different stud-
ies (Anosa & Isoun, 1976; Courtice, 1943; McKean & Walker, 1974; 
Olsén et al., 2013; Olsson et al., 1994), and the average value was 
29.38% (Table 21). All raw data and data analysis for hematocrit in 
sheep are provided in Excel File B6 of Supporting Information, and 

TA B L E  14   Vascular space or volume fraction of blood (% of 
organ weight, unitless) in organs and tissues of sheep with different 
ages

Mean SD

Spleen 34.75 1.60

Lungs 22.42 5.54

Liver 8.83 1.28

Kidneys 5.62 0.60

Pituitary 2.12 0.21

Adrenal 2.53 0.95

Heart 5.53 0.69

Pancreas 3.18 0.77

Loin muscle 1.53 0.61

Gastrocnemius Muscle 1.40 0.43

Note: Limited data were identified for the residual blood volume in 
organs of sheep. All data reported in this table were from the study by 
Hansard (1956) with values from six animals.

TA B L E  1 5   Vascular space or volume fraction of blood (% of 
organ weight, unitless) in organs and tissues of sheep at market age

Mean SD

BW (kg) 50.49 9.78

Spleen 34.67 1.94

Lungs 26.63 4.45

Liver 8.10 1.32

Kidneys 5.67 0.64

Pituitary 2.20 0.26

Adrenal 3.17 1.00

Heart 5.13 0.64

Pancreas 3.27 0.75

Loin muscle 1.17 0.31

Gastrocnemius Muscle 1.13 0.40

Note: Limited data were identified for the residual blood volume in 
organs of sheep. All data reported in this table were from the study by 
Hansard (1956) with values from three animals.

TA B L E  1 6   Vascular space or volume fraction of blood (% of 
organ weight, unitless) in organs and tissues of lambs

Mean SD

BW (kg) 4.23 1.39

Spleen 34.83 1.63

Lungs 18.20 1.90

Liver 9.57 0.87

Kidneys 5.57 0.71

Pituitary 2.03 0.15

Adrenal 1.90 0.20

Heart 5.93 0.55

Pancreas 3.10 0.95

Loin muscle 1.90 0.66

Gastrocnemius Muscle 1.67 0.31

Note: Limited data were identified for the residual blood volume in 
organs of sheep. All data reported in this table were from the study by 
Hansard (1956) with values from three animals.
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for hematocrit in goats are available in Excel File C4 of Supporting 
Information.

4  | DISCUSSION

Based on available literature, this manuscript provides a comprehen-
sive summary of PBPK-related physiological parameters in sheep 
and goats, including relative tissue weights for market-age sheep, 
lambs, fetal sheep and goats, cardiac outputs for sheep and goats, 
blood flow fractions for sheep, vascular space fractions of organs 
in sheep and lambs, as well as hematocrits for sheep and goats. For 
each parameter, the mean and standard deviation are reported in 
the tables. These compiled data serve as reference values for essen-
tial physiological parameters to facilitate the development of PBPK 
models in sheep and goats, and also allow one to characterize the 
population variability of the physiological and anatomical charac-
teristics of sheep and goats. This study also identifies data gaps in 
this area, such as blood flow fractions to different organs in goats, 
providing a direction for future studies. This manuscript and our re-
cently reported review articles on physiological parameters in cattle, 
swine, chickens and turkeys (Lin et al., 2020; Wang et al., 2020) to-
gether provide a centralized repository for physiological parameters 
needed to develop PBPK models in common food animal species, 
which is anticipated to accelerate the development of this field. A 
strength of this combined database is that all parameters were ex-
tracted and calculated using a consistent approach which should 
minimize errors when extrapolating across species.

Physiological parameters are an essential component of any 
PBPK model, and a centralized repository for physiological param-
eters provides a standard reference that will greatly facilitate the 
development and application of PBPK models. In the field of PBPK 
modeling, one of the most comprehensive reviews of physiological 
parameters was published by Brown et  al.  (1997), which focused 
on mice, rats, dogs, and humans. This publication represents a cor-
nerstone for the development of PBPK modeling, has been exten-
sively cited and greatly accelerated the advancement of this field, 
especially in the application of PBPK models for chemical risk as-
sessment. Compared to the application of PBPK models in chemical 
risk assessment (Tan et  al.,  2018) and drug development (Shebley 

et al., 2018), applying PBPK modeling in the area of animal-derived 
food safety assessment is still under development. It is well recog-
nized that PBPK modeling has advantages over other modeling tools 
for chemical dosimetry predictions, and it can aid in the prediction 
of drug or chemical residues and withdrawal intervals in edible tis-
sues (Lin et al., 2016). Despite this usefulness, there were only 2 or 
3 PBPK models published per year in the food safety area before 
2016 (Lin et al., 2016). An explanation for this could be the lack of 
robust computational tools and summarized or standardized phys-
iological parameters for food-producing animals. However, there 
were at least five papers published in 2017 for the application of 
PBPK modeling in food safety assessment (Lautz et al., 2019), and at 
least 9 papers (Lautz, Hoeks, et al., 2020; Lautz, Nebbia, et al., 2020; 
Li, Cheng, et  al.,  2019; Li, Mainquist-Whigham, et  al.,  2019; Méda 
et  al.,  2020; Tebby et  al.,  2019; Xu et  al.,  2019; Yang et  al.,  2019; 
Zeng et al., 2019) published in this field during 2019 and 2020. The 
increasing development and application of PBPK modeling in the 
food safety area requires a standardized repository of physiological 

TA B L E  17   Hematocrit (%) for sheep of all ages

Mean SD
Number of 
animals

Number 
of studies

36.15 7.50 11,683 24

Note: The hematocrit of sheep with all ages was calculated based 
on 24 studies (Alhidary et al., 2012; Anosa & Isoun, 1976; Bessho 
et al., 1997; Campbell et al., 2014; Carver & Hay, 1995; Ceï et al., 2018; 
Degen & Young, 1981; Gomes et al., 2013; Hart & Doyle, 1985; 
Horton & Burgher, 1992; Jobe et al., 1998; Maraba et al., 2018; Marsh 
et al., 2001; Matson et al., 1981; Mayland et al., 1986; Meyer-Gesch 
et al., 2013; Rege et al., 2002; Robillard & Weitzman, 1980; Roghair 
et al., 2004; Saylor & Leach, 1980; Singh et al., 2018; Talke et al., 1985; 
Tran et al., 2000; Vannucchi et al., 2012).

TA B L E  1 8   Hematocrit (%) for market-age sheep

Mean SD Number of animals Number of studies

34.69 3.09 174 5

Note: The hematocrit of market-age sheep was calculated based on five 
studies (Degen & Young, 1981; Gomes et al., 2013; Hart & Doyle, 1985; 
Horton & Burgher, 1992; Mayland et al., 1986). The value of hematocrit 
for market-age sheep is 34.69% based on these studies.

TA B L E  19   Hematocrit (%) for lambs

Mean SD Number of animals Number of studies

34.37 8.11 6,321 9

Note: The hematocrit of lambs was calculated based on nine studies 
(Alhidary et al., 2012; Campbell et al., 2014; Degen & Young, 1981; 
Marsh et al., 2001; Matson et al., 1981; Meyer-Gesch et al., 2013; Rege 
et al., 2002; Robillard & Weitzman, 1980; Roghair et al., 2004). The 
value of hematocrit for lambs is 34.37% based on these studies.

TA B L E  2 0   Hematocrit (%) for fetal sheep

Mean SD Number of animals Number of studies

37.29 8.72 83 5

Note: The hematocrit of fetal sheep was calculated based on five 
studies (Bessho et al., 1997; Jobe et al., 1998; Meyer-Gesch et al., 2013; 
Robillard & Weitzman, 1980; Roghair et al., 2004). The value of 
hematocrit for fetal sheep is 37.29% based on these studies.

TA B L E  2 1   Hematocrit (%) for goats

Mean SD Number of animals Number of studies

29.38 7.38 29 5

Note: The hematocrit for goats was calculated based on five studies 
(Anosa & Isoun, 1976; Courtice, 1943; McKean & Walker, 1974; Olsén 
et al., 2013; Olsson et al., 1994). The value of hematocrit for goats is 
29.38% based on these studies.
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parameters in food-producing animals. The present manuscript and 
our recently published manuscripts in other species (Lin et al., 2020; 
Wang et al., 2020) provide a timely resource to address this scientific 
need.

In the literature, there are two other review studies that re-
port a summary of PBPK-related physiological parameters in 
sheep, but not in goats (Lautz, Dorne, et al., 2020; Upton, 2008). 
The study by Upton (2008) focused on the application of sheep 
as animal models for biomedical research, and the reference body 
weight was 45 kg for sheep, which is lower than the average body 
weight for market-age sheep in the United States as reported in 
the present study. Also, only mean values of relevant parameters 
were reported and the parameter variabilities were not available in 
the study be Upton (2008). Recently, another group of scientists 
reported a summary of PBPK-related physiological parameters in 
swine, cattle, and sheep (Lautz, Dorne, et al., 2020). This study in-
cludes both means and coefficients of variance for relevant param-
eters. Overall, the parameter values presented in our manuscript 
are similar to the values reported in Lautz, Dorne, et  al.  (2020). 
However, the uniqueness of our study is that we categorized sheep 
into different age groups or production classes and provided phys-
iological parameter values for each production class whenever 
data are available. Also, when data are sufficient, regression anal-
ysis was performed, and growth curve equations were reported 
for both sheep and goats in this manuscript. This allows for the 
development of age-dependent PBPK models (Henri et al., 2017; 
Zeng et al., 2019) and is also important to develop PBPK models 
for drugs with longer withdrawal intervals for which body weight 
gain has to be considered (Xu et  al.,  2020). Also, this is the only 
report of PBPK-related physiological parameters in goats currently 
in the literature.

Pharmacokinetic and tissue residue depletion data for drugs are 
more commonly available in major species, such as cattle, swine, 
chickens, and turkey, than in minor species, such as sheep and goats. 
Therefore, it is not unusual to extrapolate PBPK models from a major 
species to a minor species. The physiological parameter values for 
sheep and goats reported in this manuscript can help to extrapolate 
PBPK models from cattle to sheep and goats, especially to extrap-
olate from dairy cows to dairy goats. The venous blood to arterial 
blood ratio is not available for sheep and goats, and there is limited 
information for GI tract retention time of each segment for sheep 
and goats. This study also found that PBPK-related physiological 
parameter data are relatively limited in goats compared to sheep, 
particularly with respect to individual organ blood flow rates and the 
vascular space for individual organs. The organ weights for adrenals, 
pancreas, pituitary, thyroid, and uterus are not available for goats. 
Until such data become available for goats, the corresponding pa-
rameter values may have to be adapted from sheep when developing 
a PBPK model in goats, similar to the approach used in the PBPK 
model for tulathromycin in goats (Leavens et  al.,  2012) provided 
that the data gaps and the potential impact of species difference in 
physiological parameters on model predictions are acknowledged in 
the study. However, due to differences between species, additional 

experimental studies are needed to fill the data gaps identified in 
this manuscript.

It is important to point out that other factors besides organ 
physiology will impact drug disposition and should be incorporated 
in PBPK models. These include species differences in biotransforma-
tion, excretory pathways, cellular transporters, and protein binding. 
Another caveat in this work is that the dividing line between lambs 
and market-age sheep is related to long bone calcification of carti-
laginous growth plates. In most pharmacological and toxicological 
research, maturity is related to either liver or kidney excretory and 
metabolic functions, weaning, reproductive maturity in ruminants, 
or maturation of the GI tract reflected in mature rumen function (di-
viding line between calves and cows). Thus, caution should be made 
when thinking about lambs versus sheep for pharmacological pur-
poses for the difference is not correlated to such functions.

In conclusion, this manuscript reports a compiled summary on 
PBPK-related physiological parameter values in sheep and goats. 
This manuscript and our recently published manuscripts on physi-
ological parameters in cattle, swine (Lin et al., 2020), chickens, and 
turkeys (Wang et al., 2020) provide a comprehensive reference da-
tabase to facilitate the development of standardized PBPK models 
for drugs and environmental chemicals in these common food animal 
species. These data provide a basis to create virtual animal popula-
tions for incorporation into commercial software programs or web-
based interactive PBPK model interfaces for rapid development and 
application to estimate chemical tissue residues and withdrawal in-
tervals. Additional experimental or review studies on the expression 
and activities of key metabolic enzymes or transporters in major ab-
sorptive and excretory organs (e.g., intestine, liver, and kidney) at 
different life stages of these food animals are needed to create bio-
logically realistic virtual populations. The methodology described in 
these review articles can also be used to review data in less common 
food animal species, such as duck, geese, pheasants, quails, rabbits, 
and deer.
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